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DIGITAL AERIAL IMAGE MOSAIC 
METHOD AND APPARATUS 

RELATED APPLICATIONS 

This application claims the bene?t of US. Provisional 
Patent Application No. 60/166,551, ?led Nov. 19, 1999, 
Which is incorporated herein by reference. 

TECHNICAL FIELD 

This invention relates to methods and systems for geo 
metric alignment of overlapping digital images and, 
speci?cally, to a computer-implemented method of creating, 
from a set of component images, a single, seamless com 
posite image of the entire area covered by the set of 
component images. The method of the present invention has 
particular applicability to vertical-vieWing aerial imagery, 
but can also be applied to other types of imagery. 

BACKGROUND OF THE INVENTION 

In earth imaging operations, a set of images is typically 
acquired from an airplane or satellite in earth orbit using an 
image acquisition system. The image acquisition system 
may include a digital camera capable of capturing multi 
spectral or hyperspectral single frame images. Alternatively, 
the images may be captured by other methods, for eXample, 
by conventional ?lm aerial photography, later scanned to 
create digital images. Multispectral images comprise piXel 
intensity data in up to 10 spectral bands (e.g., red, green, 
blue, and near-IR) With relatively broad bandWidth (25 to 
150 nm), While hyperspectral images comprise data for a 
larger number of spectral bands (typically numbering in the 
hundreds) With a narroW bandWidth (typically 1 to 10 nm). 

Each image is de?ned by an image data record comprising 
a three-dimensional piXel data array, With X columns of 
piXels and Y roWs of piXels for each of n spectral bands. The 
image data record is captured by the digital camera and 
stored on a computer-readable storage device, such as a disk 
drive or memory card. Typical digital images may be 1000 
piXels><1000 piXels in 7 spectral bands, or 4000 piXels><4000 
piXels in 4 spectral bands, or even 9000 piXels><9000 piXels 
in a single spectral band (“black and White” or 
panchromatic). 

For eXample, FIG. 1 shoWs an aircraft 2 carrying a prior 
art image acquisition system such as the ADAR System 
5500 sold by the assignee of the present invention, Positive 
Systems, Inc., White?sh, Mont. A GPS receiver of the image 
acquisition system (not shoWn) utiliZes signals 4 from GPS 
satellites 6 in earth orbit to accurately determine the position 
and altitude of the aircraft 2. The angular orientation of the 
aircraft 2 (and, consequently, the image acquisition system) 
may also be measured by a gyroscope or accelerometer 
subsystem, Which is integrated With the GPS receiver in an 
inertial measurement unit (“IMU”). Orientation is typically 
indicated by three angles measured by the IMU, namely, Phi 
((1)), Omega ((1)), and Kappa Which represent angular 
displacement about the respective X, Y, and Z aXes, Where 
X is parallel to the aircraft Wings, Y is parallel to the aircraft 
body, and Z runs vertically through the aircraft. Although not 
typical, the position and orientation data could easily be 
recorded in a coordinate reference frame other than the 
Cartesian coordinate system. For example, position and 
orientation data can be recorded in a polar coordinate frame 
of reference. Digital image data is often acquired by time 
interval photography and stored by the image acquisition 
system in association With contemporaneous position, 
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2 
orientation, and timing data. To increase accuracy, the posi 
tion and orientation data is collected from the GPS receiver 
(or an alternative source such as a GLONASS receiver, a 
LORAN receiver, manual data entry, etc.) at the same 
moment When the image is captured. GPS-sensed position, 
altitude, and orientation data is not required, but can aid in 
automation of the mosaicking process, as described beloW. 

FIG. 1 illustrates the sequential acquisition of a set of 
digital images 10 such that the images 10 overlap to ensure 
complete coverage of the area being imaged and to provide 
a basis for alignment of the images 10 relative to each other. 
FIG. 2A depicts four adjacent images A, B, C and D that 
include overlapping regions 20. FIG. 2B depicts a composite 
image called a mosaic 30 that depicts the surface area 
covered by the set of adjacent images A—D (FIG. 2A). 
Commercially available GPS equipment and orientation 
sensors are not capable of measuring position, altitude, and 
orientation With suf?cient accuracy for the creation of the 
mosaic 30 so that no visible image alignment errors are 
present. Therefore, to provide a geometrically seamless 
mosaic 30, the adjacent images A, B, C and D must be 
manipulated to reduce misalignment. Further, a truly seam 
less mosaic must be adjusted radiometrically to ensure a 
uniform image brightness at the overlapping boundaries of 
the image frames. 
Automated prior art methods of facilitating the alignment 

of overlapping images to form a mosaic are computationally 
intensive because they require correlation calculations to be 
made at a large number of locations in the subject images. 
Conversely, the amount of computation required can be 
reduced by limiting the number of locations Where the 
correlation coef?cients are calculated, but not Without affect 
ing the quality of the resulting image alignment. 

For example, US. Pat. No. 5,649,032 of Burt et al. 
describes a method of automatically creating a mosaic image 
from multiple, overlapping still images captured by a video 
camera. Image alignment may be performed in batch, 
recursive, or hierarchical modes involving generation of the 
mosaic from a “pyramid image” by ?rst tiling a subset of the 
component images in coarse alignment, then progressively 
improving alignment of the tiled images by calculating 
af?ne transformations at progressively greater resolution. 
This method does not involve selection of possible tie point 
locations based on Whether the image data at a location on 
a subject image is likely to have a matching location on a 
target image. Rather, the method involves searching for 
matching locations on the target image regardless of the 
quality of the image data at the corresponding location of the 
subject image. 
US. Pat. No. 5,187,754 of Currin et al. describes a 

method of forming a composite, image mosaic from aerial 
photographs With the aid of an overvieW image obtained, 
e.g., by satellite. Tie points or ground control points are 
painstakingly identi?ed manually by an operator using a 
computer mouse. Overlapping images are then automati 
cally aligned by a tie point correlation method. The method 
does not involve automated selection of possible tie point 
locations. 

US. Pat. Nos. 5,528,290 of Saund et al. and 5,581,637 of 
Cass et al. describe a system for creating a composite, 
mosaic image of a classroom Whiteboard using a motoriZed 
camera pivotally mounted at a ?Xed location relative to the 
Whiteboard. The camera pivots to capture multiple overlap 
ping image frames, Which are transmitted for reassembly at 
a vieWing location. Landmarks projected or marked on the 
Whiteboard in locations Where the image frames overlap are 
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selected using a gradient analysis applied at all pixel loca 
tions in the overlapping region of the images. Images are 
then aligned on a “board coordinate system” frame of 
reference by applying a Weighted perspective distortion 
correction based upon a signi?cance factor of the landmarks 
identi?ed. This method is computationally expensive 
because it requires each pixel location in the overlapping 
area to be analyZed for the presence of a landmark. It Would 
not be suitable for aerial imaging applications in Which 
greater numbers of images at a much higher resolution than 
a video camera must be aligned accurately relative to 
geographic coordinates to form seamless mosaic images. 

Thus, a need exists for a more ef?cient method and system 
of selecting tie point pairs in overlapping images for use in 
aligning the overlapping images to form a mosaic image. 
Methods suitable for use in aerial image processing appli 
cations are also needed. 

SUMMARY OF THE INVENTION 

In accordance With the present invention, a method of 
automatically creating mosaic images is implemented in a 
computer usable medium. The method involves obtaining a 
plurality of images including overlapping areas, identifying 
one or more a search site points (SSPs) in the overlapping 
areas, and calculating a numeric interest measure (IM) 
indicative of the presence of image features at the SSPs. If 
the IM exceeds a predetermined threshold, the system pro 
ceeds With a search in an overlapping image for a tie point 
(TP) correlating to the IP. The TP together With the IP 
comprise a tie point pair (TPP) that can be used to calculate 
and apply geometric transformations to align the images and 
thereby form a seamless mosaic. 

Each point on a subject image at Which IM is calculated 
is knoWn as an interesting point candidate site (hereinafter 
“IP-candidate”). The system may calculate an IM of more 
than one IP-candidate Within a prede?ned search WindoW 
surrounding the SSP. The IMs calculated for the 
IP-candidates Within a particular search WindoW are com 
pared to identify the IP-candidate at each SSP With the 
greatest IM, and thus, the greatest likelihood that features at 
the IP-candidate Will yield good tie point pairs (both in the 
subject image and an overlapping target image). 

The system may be of separable or modular design to 
facilitate its operation in an enhanced computing 
environment, such as a multithreaded processing 
environment, a multi-processor computer, a parallel process 
ing computer, a computer having multiple logical partitions, 
or by distributed processing methods. In a preferred 
embodiment, the system and method also performs radio 
metric balancing of the images to reduce tonal mismatch. 

Additional aspects and advantages of this invention Will 
be apparent from the folloWing detailed description of a 
preferred embodiment thereof, Which proceeds With refer 
ence to the accompanying draWings. 

Glossary of Terms 

As used in this application, the folloWing terms shall be 
given the meanings de?ned beloW, unless the context indi 
cates otherWise: 

Bidirectional re?ectance: Aproperty of an object relating 
to the variation in apparent brightness of light re?ected from 
the object as a function of the angle from Which that 
re?ected light is observed. Stated differently, given a uni 
form source of illumination, any object Will appear to re?ect 
different amounts of the incoming light depending on the 
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4 
angle betWeen the incoming light source, the object, and an 
observer of the object. 

Datum: An ellipsoid representing a reference surface of 
the earth. When creating maps, it is typical to reference all 
ground elevations to a reference elevation other than sea 
level. The reference elevation of the datum may be signi? 
cantly higher than sea level. See also Ellipsoid. 
DEM/DTM: A digital elevation model (DEM) or digital 

terrain model (DTM) is a raster representation of the eleva 
tion or terrain of an area, With the raster values representing 
the height of the surface of the earth either above sea level 
or some other ellipsoid. 

DoWnsampling: A method for vieWing or analyZing an 
image at a reduced resolution compared to the original 
image. For example, given an image 1000x1000 pixels in 
siZe, a “doWnsampled” image 100x100 pixels in siZe may be 
created by averaging every 10x10 pixel area to create a 
single pixel representing the average value of the 100 pixels 
in the 10x10 area. This doWnsampled image represents the 
original image, but With reduced resolution and scale. If the 
original image had a ground sample distance of 1 meter per 
pixel, the doWnsampled image Would shoW the same image 
but at 10 meters per pixel. An advantage of doWnsampling 
is it reduces both the amount of memory required to store 
and process the image (including volatile memory and 
nonvolatile memory such as disk storage) and the number of 
computer processing cycles required to analyZe the image. 

Ellipsoid: An ellipsoid is the mathematical representation 
of the earth, Which is in fact not spherical but slightly 
?attened at the poles. See also Datum. 

Geometric properties: The spatial information contained 
in an image, such as the ability to make geometric measure 
ments between points shown in an image. 
Map projection: The mathematics used to project an area 

of the earth, Which is a near-spherical surface, onto a ?at 
surface (i.e., a paper or electronic map) and to provide the 
de?nition for the projection of that map. Typical map 
projections include conical surfaces or cylindrical surfaces 
onto Which the spherical earth is projected. 

Monochromatic: An image of simple brightness values 
Within a speci?c spectral band (color hue), including black 
and White images. See also Panchromatic. 

Mosaic: A compilation of multiple images into a single 
larger image. 

Multispectral/Hyperspectral: Imagery Which includes 
multiple vieWs of the same area on the ground, but With each 
vieW representing a different color, each represented (or 
stored) as an individual monochromatic image. Multispec 
tral typically refers to imagery containing from four to 
approximately ten spectral bands, Whereas hyperspectral 
data refers to imagery Which may have doZens to hundreds 
of spectral bands. 

Optical vignetting/Vignette effect: A common effect 
observed Within any image, Whether captured by an elec 
tronic sensor or ?lm. The vignette effect is a simple dark 
ening of the image as a function of distance from the center 
(i.e., the corners of the image appear darker than the center). 

Panchromatic: Aterm from the ?lm industry that typically 
refers to black and White images recorded With either ?lm or 
a digital sensor sensitive to light in the full visible spectrum 
(approximately 400 nm to 700 nm). 

Pixel: An abbreviation for “picture element.” A pixel is 
the smallest unit of light information Within an image that is 
displayable on an electronic screen (such as a video screen) 
or transferable to physical media (such as a hard copy print 
of a digital image). 
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Radiometric: A general reference to brightness or inten 
sity values in an image (as opposed to “geometric,” Which 
refers to the spatial information in an image). 

Raster: A method of displaying image information on a 
tWo-dimensional grid in Which each point of the image grid 
is represented by one raster value. The digital values of each 
point on the grid are stored as piXels so that, When displayed 
on a computer screen, they appear as an image to the human 
eye. See also DEM/DTM. 

Rectify/Recti?cation: An image is “recti?ed” When it is 
geometrically adjusted to enlarge or reduce the siZe of the 
image or a portion of the image, or to make curved lines 
appear straight or straight lines appear curved. Recti?cation 
performed as part of the mosaicking process involves adjust 
ing the image geometry such that each piXel represents the 
same amount of area on the ground, and so that the geo 
graphic coordinates (latitude and longitude) of each piXel are 
knoWn, to some limited degree of accuracy. 

Remote Sensing: The use of aerial or satellite imaging to 
collect information about material properties (vegetation, 
soil, minerals, oceans, etc.) of a land area for later analysis 
by electronic sensors or other types of devices. 

Resampling: A fundamental step in the recti?cation or 
transformation process. The mathematical transformation of 
an image from its current geometric state to another creates 
a neW set of X,Y coordinates for each piXel in the original 
image. When any piXel in the neW coordinate system (neW 
image) lands outside a perfect X,Y location, the piXel values 
must be re-sampled to determine the appropriate brightness 
value of the neW output piXel. The tWo common resampling 
algorithms are referred to as “bilinear interpolation” and 
“nearest neighbor.” In nearest neighbor, the neW piXel value 
is taken to be identical to be original piXel Which is nearest 
to that neW piXel location. The advantage of nearest neigh 
bor resampling is that no piXel values are altered. In the case 
of bilinear interpolation, the neW piXel value is a linear 
average from the original piXels above, beloW, left, and right 
of the neW piXel. The advantage of bilinear interpolation is 
a smoother appearance in the output image, but since piXel 
values are altered, this algorithm is less desirable if quan 
titative radiometric analysis Will be performed on the imag 
ery. 

Scan (scanned image): When a hard copy image 
(photograph) is placed on an electronic instrument and 
turned into a digital image this is referred to as “scanning” 
the image. 

Tie points: Pixels of tWo or more separate images Which 
correspond to the same feature of an area shoWn in the 
images. Tie points are used to form a mosaic image. 

Transformation: See Recti?cation. 
Warp: Layman’s term for the action of geometrically 

rectifying or transforming an image. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates the sequential acquisition of a set of 
overlapping digital images using prior art aerial photography 
methods. 

FIG. 2A shoWs a set of overlapping images captured in 
accordance With the prior art aerial photography method of 
FIG. 2; 

FIG. 2B shoWs a composite mosaic image generated from 
the set of overlapping images of FIG. 2A; 

FIG. 3 shoWs a set of overlapping images mapped to a 
universal coordinate frame of reference (UCFR) to identify 
search site points (SSPs) Within the overlapping areas of the 
images; 
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6 
FIG. 4 is a How diagram depicting an overvieW of a 

method and system for automatically aligning the overlap 
ping images of FIG. 3 in accordance With a preferred 
embodiment of the present invention; 

FIG. 5 is a How diagram depicting the steps involved in 
creating an initial, approximate mosaic layout of the over 
lapping images of FIG. 3; 

FIG. 6 is a How diagram depicting an automated tie-point 
identi?cation and correlation process performed for each 
SSP of each of the overlapping images of FIG. 3; 

FIG. 7 depicts a “patch” of piXels centered on a tie point 
candidate piXel to be analyZed in accordance With the 
automated tie-point identi?cation process of FIG. 6; 

FIG. 8 illustrates a possible search routine in Which 
patches Within a search WindoW centered of the SSP of FIG. 
3 are analyZed to locate the tie point candidate With the 
greatest interest measure; 

FIGS. 9 and 10 are diagrams shoWing a patch and 
directions of directional variances, respectively, illustrating 
the interest measure calculations of Equations 1a —1i; 

FIG. 11 is a pictorial diagram that illustrates a method of 
matching an interesting point of a subject image to a tie point 
of a target image to form a tie point pair; 

FIG. 12 is a graphical user interface for verifying auto 
matically identi?ed tie point pairs; 

FIG. 13 shoWs a How diagram of the steps performed to 
apply Warp calculations; and 

FIG. 14 is a schematic diagram depicting the phenomena 
of bidirectional re?ection. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

In a preferred embodiment, the invention comprises a 
method implemented in computer softWare (“the system”), 
Which can be stored on a computer-usable medium. 
Preferably, the system is designed to be operated on a 
personal computer (PC). HoWever, as described beloW, the 
system is of a modular design that facilitates its use in an 
enhanced computing environment, such as a multithreaded 
processing environment, a multi-processor computer, a par 
allel processing computer, a computer having multiple logi 
cal partitions, or by distributed processing methods in Which 
the system’s processes are divided betWeen many computers 
communicating over a netWork such as the Internet. 

For clarity, the folloWing description of a preferred 
embodiment and alternative embodiments refers to an 
eXample mosaic of only four images A, B, C, and D, as 
shoWn in FIG. 3. HoWever, those skilled in the art Will 
recogniZe that the method and system of the present inven 
tion can be used to create mosaics comprising a much larger 
number of overlapping images (eg, hundreds or thousands), 
as Well as mosaics comprising as feW as tWo images. The 
siZe of mosaic that the system is capable of creating is 
limited only by the amount of memory and non-volatile data 
storage space of the computer on Which the system is 
implemented. 

FIG. 4 shoWs a How diagram depicting an overvieW of the 
method and system 400 in accordance With the preferred 
embodiment of the present invention. With reference to FIG. 
4, a user of the system begins a neW project (step 410) by 
selecting overlapping subject images 416 to be mosaicked 
(step 418). Images 416 may be selected from a database, a 
CD-ROM, a magnetic media disk drive, or from any other 
computer-readable data storage or transmission device. If 
available, one or more georeferenced base images 412 are 
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also input into the system in a similar manner 414. An initial, 
approximate arrangement of the images is created 420, 
either from georeferencing data stored in association With 
images 416, or by rough manual arrangement. The system 
then automatically identi?es likely tie points (step 422) and 
displays the tie points via a graphical user interface of the 
system for approval by the user (user input step 424). Based 
on the approved tie points, the system uses matriX algebra to 
solve recti?cation equations With least square error (step 
426) to de?ne the geographic transformations needed to 
align images 416. Finally, the system performs automatic 
radiometric analysis and balancing of the images (step 430) 
to adjust piXel intensity of the images and thereby reduce 
non-geometric mismatch betWeen the subject images 416. 
The geometric and radiometric transformations developed 
by the system can then be applied to the subject images 416 
to create an output mosaic 434. 

FIG. 5 is a How diagram depicting the steps involved in 
creating the above-described initial, approXimate mosaic 
layout 500. With reference to FIG. 5, if one or more base 
images 510 eXist, they may be selected for use in the 
mosaicking process (step 520), along With the target images 
530 (step 540). When nominal georeferencing data or GPS 
data related to the target images 550 is available, the system 
automatically calculates the eXtent of the mosaic to be 
created (step 560) and an initial mosaic layout (step 570). 
OtherWise, the user is prompted to arrange the images 
roughly or to input nominal georeferencing data (step 580) 
before the initial mosaic layout is created (step 570). 

FIG. 3 shoWs raW images A, B, C, and D referenced by the 
system to a universal coordinate frame of reference (UCFR) 
based upon all available georeferencing information asso 
ciated With the raW images. The UCFR is typically super 
imposed on a tWo-dimensional reference surface (a map 
projection), but could also be superimposed on an ellipsoidal 
datum surface When map projection is unacceptable to the 
end-user of the mosaic. Nominal georeferencing information 
may be associated With one or more of the individual raW 
images and may include one or more of the folloWing: 
position data (X,Y,Z), sensor orientation data (K, 4), and 00) 
(FIG. 1), and digital elevation model (DEM) (or digital 
terrain model—DTM) data. The system of the present 
invention may include one or more tools for establishing an 
approXimate orientation of the input images When absolutely 
no georeferencing information is associated With the raW 
images. Such tools may include a “drag and drop” graphical 
display, an interface for manual entry of approXimate geo 
graphic coordinates, and an interface for input of simple 
orientation and spacing data. 

Interesting Point/Tie Point Identi?cation 
FolloWing the initial orientation and layout of the images 

A—D, search site points (SSPs) are established by the sys 
tem. FIG. 6 is a How diagram depicting an automatic 
tie-point identi?cation and correlation process 600 per 
formed for each SSP. With reference to FIGS. 3 and 6, the 
user may be prompted by the system to input tie point 
correlation parameters, such as correlation WindoW siZe, 
search distance, resolution, and others (step 610). 
Alternatively, the tie point correlation parameters may be 
prede?ned by default or may be selected from a menu of 
prede?ned parameter miXes for particular remote sensing 
applications, such as agriculture, forestry, Wetlands, and 
steep terrain. A tie-point spacing grid (TPSG) is then de?ned 
as points spaced at regular intervals from the origin of the 
UCFR (step 620). In the preferred embodiment, the TPSG is 
a regular tWo-dimensional grid. In an alternative 
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8 
embodiment, the TPSG may comprise nonuniformly spaced 
points rather than a regular grid. Next, the system identi?es 
all of the TPSG points that fall Within overlapping regions 
20 of the images A—D (step 624) and designates the TPSG 
points as search site points (SSPs). 

To reduce system memory and computing poWer 
requirements, the density of the TPSG is preferably much 
less than the piXel resolution of images A, B, C and D 
(nominally one TPSG point per 50 linear piXels, but possibly 
from 1:1 to 1:100 or more). A high-density TPSG Will 
produce a more accurate mosaic, but at the eXpense of 
increased processing time. The TPSG may be made adjust 
able to alloW the user to achieve a balance betWeen the 
accuracy of the mosaic and the time required to create it. 

After designating certain TPSG points as SSPs (because 
they fall Within at least tWo images), the system neXt 
analyZes candidate piXels (“IP-candidates”) near each SSP 
for possible use as a tie point (TP) (See Glossary) (step 630). 
For each IP-candidate analyZed, he system calculates an 
interest measure (IM) indicative of Whether the 
IP-Candidate is in proXimity to distinctive features of the 
image that are likely to yield a successful tie point pair. 

FIG. 7 depicts a “patch” 100 of piXel data centered on a 
IP-candidate 110. With reference to FIG. 7, the system 
analyZes patch 100 to determine the IM of IP-candidate 110. 
Various algorithms can be applied to calculate the IM. A 
preferred algorithm is described beloW With reference to 
FIGS. 9 and 10. 

In a preferred embodiment search routine, the 
IP-candidates of each image A—D include the SSPs. 
HoWever, the SSPs are not necessarily the only 
IP-candidates. The system preferably analyZes patches at 
multiple IP-candidates 110a—110m Within a search WindoW 
120 around each SSP (FIG. 8). FIG. 8 illustrates one possible 
search routine applied Within search WindoW 120 to locate 
the IP-candidate With the greatest IM. The search WindoW 
120 may be of a siZe that is preset or user-con?gurable, but 
should be larger than patches 100a—100m, and preferably 
several times larger. Each patch 100a—100m at each 
IP-candidate 110a—110m comprises an n-piXel><n-piXel 
region (Where n is an odd number 3 or greater, adjustable by 
the user). Those skilled in the art Will understand that the 
patch siZe is limited only by the processing capacity of the 
computer on Which the method is implemented, but accept 
able results can be realiZed With reasonably small patches 
(siZed betWeen 3x3 and 25x25). For each IP-candidate 
110a—110m, the system calculates an IM for the respective 
patches 100a—100m indicative of the contrast and distinc 
tiveness of the features depicted in the patches. The system 
then selects the IP-candidate Within each search WindoW 120 
With the greatest IM. As shoWn in FIG. 8, the search routine 
folloWs a spiral pattern. HoWever, many other search rou 
tines are possible. For eXample, the search routine may be 
exhaustive by analyZing every piXel Within the search Win 
doW 120 as a IP-candidate. As previously noted, various 
algorithms may be applied to calculate the interest measure 
at each of the IP-candidates 100a—100m. 

Interest Measure Calculation 

FIGS. 9 and 10 are diagrams illustrating an interesting 
measure calculation step as described above With reference 
to FIGS. 6 and 7. FIG. 9 is a diagram of an n><n patch 100 
(Where n must be an odd integer) centered on the 
IP-candidate 110 for Which the interest measure IM is 
calculated in accordance With the preferred embodiment. 
FIG. 10 shoWs directions of directional variances associated 
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With IP-candidate 110. With reference to FIG. 9, pixels P1)1 
to Pm” each have an associated intensity value. Equation 1i, 
below represents the interest measure IM of the IP-candidate 
110, based on the directional variances of pixel intensity in 
the directions shoWn in FIG. 10. The directional variances 
used to determine the IM are calculated in accordance With 
equations 1a through 1h, as folloWs: 

D1 directional variance: 

n 

2 PM 
F1 

[1a] Mean 

n 2 

n n P” 

:1 
SSD] = Z (#01 — Par = E ‘ — PM 

xII 
n 

xII 

[1b] Sum of squares of differences 

D2 directional variance: 

[1c] Mean 
[1d] Sum of squares of differences 

xII 

H1 directional variance: 

n 

[16] Mean 
[1f] Sum of squares of differences 

xII XII 

2 

_ 100511;] 

V1 directional variance: 
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[1h] Sum of squares of differences 

xII XII 

The interest measure (IM) is then the minimum value of 
the four directional variances, SS D1, SS D2, SSH1, and SSV1: 

IM=minimum (S501, S502, SSH1, SSV1) [11'] 

By selecting the minimum directional variance value, this 
algorithm identi?es the directional component that has the 
least amount of “interest” at each IP-candidate. 

Within each search WindoW 120, the system rejects those 
IP-candidates With one or more poorly de?ned directional 
variances and selects the IP-candidate With the largest mini 
mum directional variance. IP-candidates are also tested to 
ensure that their IM exceeds a prede?ned minimum thresh 
old. In this Way, the system avoids IP-candidates located at 
patches that are featureless or that include only simple edge 
features. Selecting the IP-candidate With a high IM increases 
the likelihood of success during the tie point correlation step, 
described beloW. IPs are then selected by the system as the 
subset of IP-candidates of each image having the highest IM 
values. Typically only one IP is selected for each SSP. Thus, 
each IP corresponds to a distinct SSP, but it is possible for 
the IMs of all of the IP-candidates at an SSP to fall beloW 
the prede?ned minimum threshold IM. Therefore, not all 
SSPs Will yield an IP. 

Tie Point Pair Matching 

FIG. 11 is a pictorial diagram that illustrates a method of 
matching a tie point (TP) With an IP to form a tie point pair 
TPP. With reference to FIGS. 6 and 11, in a tie-point 
matching method 640, the image containing the IP is 
referred to as a subject image 150 and the image overlapping 
the IP is referred to as a target image 160. For each IP, the 
system searches Within a target search WindoW 180 of each 
overlapping target image 160, to ?nd a matching tie point 
(TP) (step 644). The target search WindoW 180 is located at 
the SSP of the target image 160 that corresponds to the SSP 
of the subject image 150 associated With the IP. The system 
analyZes multiple locations Within the target search WindoW 
180, folloWing a search routine, in a manner similar to the 
IP search routine described above. 

To test for a match, the pixels Within a target correlation 
WindoW 210 at each test point are compared to a subject 
correlation WindoW 200 of the IP, for example, by calculat 
ing a normaliZed correlation coef?cient (NCC) in accor 
dance With equation 2: 

[Z] 

NCC: 

With reference to Equation 2, the NCC is a numerical 
measure indicative of the similarity of the target correlation 
WindoW 210 to the subject correlation WindoW 200. The 
subject and target correlation WindoWs 200, 210 are siZed 
the same, With CWx and CWy representing their x and y 
dimensions, respectively. DN is the pixel value or “digital 
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number” representing the intensity of the pixels. The sym 
bols pawl-ect and pmrget represent the mean pixel intensity 
Within the respective subject and target correlation WindoWs 
200, 210. Normalization (by the denominator in equation 2) 
compensates for differences in overall image brightness 
betWeen the subject and target correlation WindoWs 200, 
210. Comparison tests other than the NCC equation 
(Equation 2) exist. For example, Fast-Fourier Transform and 
Wavelet Transform are both knoWn correlation analysis 
functions. 

The tested location Within the target search WindoW 210 
that yields the greatest NCC value is selected as the match 
ing tie point coordinate TP of a tie point pair (TPP) (of Which 
the IP is the other half) (step 648). HoWever, if the NCC does 
not exceed a predetermined correlation threshold, then the 
TPP is discarded (step 652). As With many other operational 
variables, the system alloWs the correlation threshold to be 
preset by the user. 

The user may select from a variety of test point search 
algorithms, either to improve the speed at Which TPPs are 
located or improve the accuracy of all selected tie points. For 
example, test points may be selected in a spiral pattern or at 
random locations Within the target search WindoW 210. If 
speed is important, the user may select a correlation algo 
rithm that ?rst doWnsamples (see Glossary) the imagery 
Within the correlation search WindoW 180 to alloW testing 
for tie points at a reduced resolution. Other strategies for 
reducing processing time include applying a “hill climbing” 
technique to identify the maximum NCC value more quickly 
by searching in a direction in Which increasing values of the 
NCC are located, ignoring areas of the search WindoW 
toWard Which the NCC values are decreasing. Conversely, if 
accuracy is the most important goal, better accuracy may be 
achieved using a more thorough test point selection 
algorithm, for example an exhaustive comparison that tests 
at every pixel Within the correlation search WindoW 180. 

The tie point matching process 644, 648, 652 is repeated 
(step 660) until an attempt to ?nd a matching tie point is 
made for all of the IPs identi?ed in the interesting point 
location routine 630. After all of the IPs have been 
processed, the system displays a report to the user (step 670) 
shoWing statistics on the TPPs. 

FolloWing the tie point matching process, the user is given 
the option of editing, via a graphical user interface, the TPPs 
selected by the system (step 674). The user can approve any 
acceptable tie points (Whether identi?ed or rejected by the 
softWare), as Well as reject any tie points the softWare 
erroneously identi?ed as meeting the predetermined corre 
lation threshold. FIG. 12 shoWs an example of an interface 
240 for approving automatically matched TPPs. Selection of 
a “Tighten Up” button 250 of the interface repeats the 
interesting point selection and tie point matching 
procedures, starting at the current IP and TP locations of the 
respective subject and target images. Repeating the IP selec 
tion and TP matching process Will often result in a more 
accurate TPP, Which can then be approved for use in creating 
the mosaic. Approval or rejection of TPPs is indicated by 
selecting one of a pair of radio buttons 260 of interface 240. 
Approved TPPs are then used as a basis for aligning the 
images in accordance With either an edge mosaic procedure 
or a base image mosaic procedure, as described beloW. 

Edge Mosaic 

In an edge mosaic operation, Where no base image exists, 
the system must calculate transformation equations for all of 
the subject images. Ideally, the transformation equations Will 
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result in the least amount of misalignment throughout the 
mosaic. For each of the TPPs the system calculates the 
estimated target destination (XOWYOM) in the UCFR as the 
midpoint betWeen the IP and TP of the TPP. Starting With the 
estimated target destinations of each TPP, the Warp adjust 
ment (also referred to herein as geometric adjustment or 
recti?cation) for aligning each image in the mosaic can then 
be determined by a least-squares ?t method. FIG. 13 repre 
sents the steps involved in making the necessary calculations 
to determine the parameters for geometric adjustment 1300. 
The least-squares ?t method involves solving a series of 
equations that de?ne the transformation of an image from 
raW coordinates to UCFR coordinates. Examples of three 
such equations for use in a least-squares ?t analysis are 
provided beloW as Equations 3—5. With reference to Equa 
tion 3 (3a and 3b), coef?cients a1, a2, . . . a12 are calculated 
for each image frame (A—D) of the mosaic to de?ne a unique 
recti?cation equation for each image frame. In other Words, 
recti?cation equations are developed for each image for use 
in calculating a neW output coordinate (UCFR coordinate) 
for each pixel of the image frame, based on input into the 
recti?cation equations of that pixel’s raW coordinate. 

Equations 3a and 3b represent a simple implementation of 
the method, With the recti?cation equations being second 
order polynomials. Alternative equations such as a projec 
tive transform (equation 4) or polynomial transformation 
function (equation 5) can also be used for image 
recti?cation, With the goal being to minimiZe the recti?ca 
tion error for each image. 

y: M: 

In equation 5a and 5b, the variable M represents the degree 
of the equation, With M=2 typically being suf?cient. 
The system accepts optional user input parameters 1310 

for use in Warp transformation. The system then calculates 
the transformation coefficients (e.g., a1, a2, . . . am) for each 
TPP (step 1320), but rejects TPPs that have a high residual 
error (step 1340) in excess of a user-de?ned (or default) 
threshold 1330. Because the Warp calculations necessary to 
determine the transformation coefficients involve indepen 
dent linear equations solved using matrix algebra, the Warp 
calculations for each TPP can be optimiZed for processing in 
a multithreading, multiprocessor, or parallel processor envi 
ronment. Once Warp calculations are complete for all images 
(step 1344), the system displays statistics to the user (step 
1350). The Warp transformation can then be applied to the 
raW images to create an output mosaic that can be stored in 
memory, displayed on the computer’s display, and printed to 
a printer (step 1360). 

Base Image Mosaic 

Occasionally input imagery that is accurately georefer 
enced (by a method other than described above, e.g., by 
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photogramrnetric methods) is available for use. In this 
special case, the imagery typically is provided With accurate 
geographic coordinate data for each pixel Within the image 
(as de?ned by one of many common “map projections” 
Which relate the rectangular coordinates of an image to 
latitude and longitude). With this already georeferenced 
imagery, image recti?cation is not necessary. Instead, these 
georeferenced images can be immediately joined into a 
mosaic. More importantly, such georeferenced images can 
serve as “base” images, providing visual reference points for 
georeferencing neW overlapping imagery. In this scenario, 
the tie point selection process is carried out as described 
above, but image recti?cation processes are applied only to 
those images input Without prior georeferencing informa 
tion. In this manner, neW images are georeferenced via 
matching ground features onto the existing base imagery. 

Radiometric Adjustment 

Brightness variations are common across an individual 

image frame. Further, the brightness can differ from one 
image frame to another, Which can be especially evident in 
the overlapping region. Brightness variations can be caused 
by changes in the solar illumination based on the time of day 
or clouds obscuring the sun, as Well as sophisticated and 
complex phenomena such as optical vignetting or bidirec 
tional re?ectance (see Glossary). Consequently, the creation 
of a mosaic that appears seamless to the naked eye often 
requires radiometric adjustments to be made to the images. 

After the necessary geometric transformation equations 
have been de?ned (e.g., using the edge mosaic method or the 
base image mosaic method, as described above), but before 
geometric processing is performed, the images may be 
individually corrected for radiometric variations. Many 
techniques can be applied to correct or enhance the pixel 
intensity data Within a mosaic. The system of the present 
invention may include one or more of various radiometric 
processing algorithms. 

The simplest radiometric adjustment Which may be 
applied to digital imagery is to adjust the histogram (overall 
brightness values) of each image in order to improve the 
visual appearance. The appropriate radiometric adjustments 
are applied uniformly to the entire image, and include 
features such as brightening, darkening, enhancing contrast, 
and color enhancement. Such tools are relatively common in 
the public domain, and are thus not described in detail here. 
The softWare system described in this patent application 
includes computer-aided tools to alloW the user to make 
manual adjustments, as Well as options for automated adjust 
ments (to maximiZe contrast, for example). 

Another simple radiometric adjustment is to apply histo 
gram normaliZation, in Which the statistics are calculated for 
the histogram of each image, after Which adjustments are 
made to ensure that the mean (average) brightness value is 
the same for all images. 
A slightly more sophisticated adjustment is histogram 

balancing, Wherein the brightness of each image is adjusted 
based on the brightness of adjacent images such that overall 
brightness variations from one image to the next are mini 
miZed. In the simplest implementation, the adjustment 
applied to each image in this scenario Would be a uniform 
histogram adjustment Wherein all pixel values Would be 
adjusted in the same manner (i.e., made brighter or darker by 
the same amount, to compensate for shadoWs caused by 
clouds, for example). In a more technically demanding 
application, the histogram balancing described here may be 
implemented as a spatially dependent adjustment to the 
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image, applied in different amounts to different regions of 
the image, to compensate for the variable sun angle affects 
described in the next paragraph. 

Proceeding to greater sophistication, information regard 
ing the location (latitude and longitude) as Well as date and 
time of each image is utiliZed by the softWare to calculate the 
instantaneous vector from the ground to the sun. With 
reference to FIG. 14, Angle S represents the angle of 
incoming solar illumination (Vector S). Given this angle S 
for a selected image, the variable angle from the sensor to 
each pixel on the ground is also calculated (Angle P), and the 
net angular change in illumination from the sun to the 
ground and into the sensor is then calculated (Angle D) by 
trigonometric methods. Based on knoWledge of this differ 
ential angle across each image, a correction for bidirectional 
re?ectance may be applied to each image, resulting in 
radiometric balancing across the entire mosaic. 

Another algorithm is a content-based modi?er Which may 
be applied to accomplish radiometric balancing. The 
content-based modi?er takes into account all of the above 
factors, as Well as the actual content of the imagery. In this 
content-based algorithm, classic multispectral classi?cation 
methods are applied, alloWing the computer to recogniZe 
different ground cover types, such as grass, concrete, and 
Water. The resulting spectral signatures are used to predict 
adjustments to the current radiometric model. For example, 
if the image content includes Water surfaces, the bidirec 
tional re?ectance effect is dramatically different than if the 
imagery contains only vegetation. Urban features (such as 
buildings, concrete, asphalt, and automobiles) also have 
unique bidirectional re?ectance distribution functions. 
When multispectral classi?cation may be applied prior to 
?naliZing the radiometric adjustment, different radiometric 
adjustments may then be applied to each region of the 
imagery, depending on the land cover type generally occu 
pying that region of the image. 

Algorithms used to adjust radiometric values of digital 
images may be applied prior to beginning geometric mosaic 
transformations or after geometric transformations are 
completed, depending on the cause of the radiometric prob 
lem being addressed. 

Additional Advantages of the Invention 

As described above, the system includes an interesting 
point test to pre-qualify potential tie point sites. The inter 
esting point test signi?cantly minimiZes the amount of time 
spent searching for tie points in areas Where image contrast 
is minimal. The softWare system also has the capability to 
remove the effects of optical (lens) distortion from each 
individual image prior to compiling those images into the 
mosaic. 
The mathematics used for rectifying and radiometric 

balancing of imagery are designed to be “separable”, both by 
function and on an image-by-image or pixel-by-pixel basis. 
Separable mathematics alloWs additional analysis modules 
to be added or removed from the system based on end-user 
requirements. Separable mathematics also provides perfor 
mance bene?ts. For example, the amount of data manipu 
lated and stored by the softWare system during processing is 
kept to a minimum. While the images of a project typically 
occupy thousands of megabytes, the volume of neW data 
Which is generated during the mosaicking process is rela 
tively minimal, comprised entirely of mathematical coef? 
cients for recti?cation of said imagery. The actual recti?ca 
tion is performed on the raW images in one ?nal step (vs. 
many steps or incremental transformations) to insure that 
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minimal distortions are imparted to the ?nal mosaic. Rec 
ti?cation in a single ?nal step also provides for maximum 
computational efficiency. Finally, the processing steps are 
applied to each individual image separably, thereby facili 
tating additional ef?ciencies When performed in a 
multithreading, multiprocessing, distributed processing, or 
parallel processing environment. 

It Will be obvious to those having skill in the art that many 
changes may be made to the details of the above-described 
embodiment of this invention Without departing from the 
underlying principles thereof. The scope of the present 
invention should, therefore, be determined only by the 
folloWing claims. 
What is claimed is: 
1. A computer-implemented method of identifying a tie 

point pair (TPP) for use in alignment of multiple digital 
images to form a mosaic image, the digital images including 
at least one overlapping area, the method comprising: 

selecting multiple search site points (SSPs) in the over 
lapping area of a ?rst one of the digital images; 

searching for an interesting point (IP) near each of the 
SSPs, including: 
(a) at multiple IP-candidate sites near each of the SSPs, 

calculating a numeric interest measure (IM), the IM 
being indicative of the presence of image features at 
the IP-candidate site, 

(b) selecting one of the IP-candidate sites having the 
largest IM, and 

(c) if the IM eXceeds a predetermined threshold, des 
ignating the IP-candidate site as an interesting point 
(IP); and 

locating on a second one of the digital images overlapping 
the ?rst one of the digital images a tie point (TP) 
correlating to the IF, the TP together With the IP 
comprising a tie point pair (TPP). 

2. The method of claim 1 in Which the IM is indicative of 
the minimum directional variance at the IP-candidate site. 

3. The method of claim 1, further comprising aligning the 
?rst and second digital images based on the TPP. 

4. The method of claim 1, further comprising locating 
multiple TPPs. 

5. The method of claim 4, further comprising aligning the 
?rst and second digital images based on the multiple TPPs 
to thereby form a mosaic image. 

6. The method of claim 4, further comprising calculating 
a set of transformation coef?cients for use in geographically 
transforming the ?rst and second digital images and to 
thereby align the ?rst and second digital images. 

7. The method of claim 1, further comprising calculating 
a set of transformation coef?cients using a least squares ?t 
method for use in geographically transforming the ?rst and 
second digital images and to thereby align the ?rst and 
second digital images. 

8. The method of claim 7, further comprising geometri 
cally transforming the ?rst and second digital images using 
the set of transformation coefficients to thereby generate a 
mosaic image. 

9. The method of claim 1, further comprising automati 
cally adjusting the radiometric properties of the ?rst and 
second digital images. 

10. The method of claim 1 in Which the digital images 
include multispectral images. 

11. Amethod for use in generating a mosaic from a set of 
images including at least a ?rst image and a second image, 
the ?rst image having an overlapping area that overlaps the 
second image, the method comprising: 

designating an IP-candidate site of the ?rst image in the 
overlapping area; 
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calculating a numeric interest measure (IM) indicative of 

the presence of image features at the IP-candidate site; 
and 

testing the IM to determine Whether the IM meets a 
predetermined threshold; and 

if the IM meets the predetermined threshold, locating a tie 
point (TP) on the second image that correlates to the 
IP-candidate site. 

12. The method of claim 11, further comprising: 
calculating the IM at multiple IP-candidate sites on the 

?rst image, the IP-candidate sites selected from a 
region of the ?rst image Within a prede?ned search 
WindoW; 

selecting one of the IP-candidate sites having the maXi 
mum IM; and 

if the maXimum IM eXceeds the predetermined threshold, 
locating the TP correlating to said selected IP-candidate 
site. 

13. The method of claim 12, further comprising, deter 
mining a set of transformation coef?cients based on the 
selected IP-candidate site and the TP for use in aligning the 
?rst and second images. 

14. The method of claim 13, further comprising aligning 
the ?rst and second images based on the transformation 
coef?cients to thereby form a mosaic image. 

15. The method of claim 11, further comprising aligning 
the ?rst and second images based on the IP-candidate site 
and the corresponding TP. 

16. The method of claim 11, further comprising: 
identifying a plurality of SSPs in the overlapping area; 
calculating a numeric interest measure (IM) of each of 

multiple IP-candidate sites near each of the SSPs; 
for each of the SSPs, selecting one IP-candidate site 

having an IM exceeding the predetermined threshold; 
and 

searching in the second image for a TP corresponding to 
each of the selected IP-candidate sites. 

17. The method of claim 16, further comprising: 
for each selected IP-candidate site, testing multiple 

TP-candidates on the second image to determine 
Whether the TP-candidate correlates to the selected 
IP-candidate site and thereby identify the TP corre 
sponding to the IP-candidate site. 

18. The method of claim 17 in Which the testing of 
TP-candidates includes calculating, for each TP-candidate 
corresponding to the selected IP-candidate sites, a numerical 
correlation coef?cient indicative of similarities betWeen the 
TP-candidate and the selected IP-candidate site; and, further 
comprising: 

selecting a predetermined correlation threshold; and 
discarding TP-candidates having a numerical correlation 

coef?cient that does not meet the predetermined cor 
relation threshold. 

19. A computer softWare program stored on a computer 
usable medium for use in generating a mosaic from a set of 
images including at least a ?rst image and a second image, 
the ?rst image having an overlapping area that overlaps the 
second image, the computer softWare program comprising: 

an initial alignment routine for roughly aligning the set of 
images; 

an interesting point identi?cation routine for identifying at 
least one interesting points (IP) on at least a ?rst one of 
the images; and 

a tie point matching routine for searching in at least a 
second one of the images for a TP correlating to the IP. 
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20. The computer software program of claim 19, further 
comprising: 

a transformation calculation engine for calculating trans 
formation coef?cients based on the TP and the IF, the 
transformation coef?cients representing geometric 
transformations necessary to align the images. 

21. The computer softWare program of claim 20, further 
comprising: 

a mosaic generation routine for applying the transforma 
tion coefficients to the images and to thereby generate 
a mosaic image. 

22. The computer softWare program of claim 19, further 
comprising: 

a radiometric adjustment routine for adjusting the radio 
metric properties of the images to thereby reduce tonal 
mismatch betWeen the images. 
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23. The computer softWare program of claim 19, in Which 

one or both of the interesting point identi?cation routine and 

the tie point matching routine is separable from the remain 
der of the computer program to facilitate operation of the 
computer softWare program in an enhanced computing envi 
ronment selected from the folloWing: 

(a) a multithreaded processing environment; 

(b) a distributed processing environment; 

(c) a multi-processor computer; 

(d) a computer having multiple logical partitions; and 

(e) a parallel processing computer. 


